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Abstract 

The structure and function of large arteries alters with age leading to increased 
risk of cardiovascular disease. Age-related large artery remodeling and arterio- 
sclerosis is associated with increased collagen deposition, inflammation, and 
endothelial dysfunction. Bioactive sphingolipids are known to regulate these 
processes, and are also involved in aging and cellular senescence. However, 
less is known about age-associated alterations in small artery morphology and 
function or whether changes in arterial sphingolipids occur in aging. We show 
that mesenteric small arteries from old sheep have increased lumen diameter 
and media thickness without a change in media to lumen ratio, indicative of 
outward hypertrophic remodeling. This remodeling occurred without overt 
changes in blood pressure or pulse pressure indicating it was a consequence of 
aging per se. There was no age-associated change in mechanical properties of 
the arteries despite an increase in total collagen content and deposition of col- 
lagen in a thickened intima layer in arteries from old animals. Analysis of the 
sphingolipid profile showed an increase in long- chain ceramide (C14-C20), 
but no change in the levels of sphingosine or sphingosine- 1 -phosphate in 
arteries from old compared to young animals. This was accompanied by a 
parallel increase in acid and neutral sphingomyelinase activity in old arteries 
compared to young. This study demonstrates remodeling of small arteries 
during aging that is accompanied by accumulation of long-chain ceramides. 
This suggests that sphingolipids may be important mediators of vascular 
aging. 



Introduction 

Cardiovascular disease increases exponentially with age 
and is the major cause of morbidity and mortality in the 
elderly. During aging, changes in the structure and func- 
tion of large and small arteries results in a less compliant 
vasculature that is less able to respond to vasodilator sig- 
nals. These alterations lead to increased systolic pressure 
and pulse width, changes in peripheral vascular resistance, 
development of hypertension, greater susceptibility to 
atherosclerotic plaque formation, and poor autoregulation 
of blood flow to end organs (Lakatta and Levy 2003; 
McEniery et al. 2007, 2010; Wang et al. 2010). The age- 
related changes that occur in the wall of large conduit 
arteries and the mechanisms underlying such changes are 



well documented (Lakatta and Levy 2003; Ungvari et al. 
2010; Graham et al. 2011). However, our understanding 
of the changes that occur in small arteries is less clear. 

Studies in aged rats have shown stiffening and 
hypertrophic remodeling of small mesenteric resistance 
arteries (Moreau et al. 1998; Adrian et al. 2004; Laurant 
et al. 2004; Briones et al. 2007) that correlates with 
increased pulse width (Moreau et al. 1998), an important 
predictor of adverse cardiovascular events in the elderly 
(McEniery et al. 2010). In addition to smooth muscle cell 
hypertrophy, there is increased collagen content and 
elastin structure changes in the artery wall with age 
(Briones et al. 2007) and these extracellular matrix 
changes are thought to contribute to the increased stiff- 
ness (Briones et al. 2007). Although whether such changes 
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lead to altered distensibility is uncertain with one study 
reporting an age-related decrease (Briones et al. 2007) 
and others no difference (Adrian et al. 2004; Laurant 
et al. 2004; Mandala et al. 2012) in this parameter in 
small resistance arteries from rodent models of aging. 

The molecular mechanisms that contribute to the age- 
associated remodeling in resistance arteries are still 
unclear. Studies in endothelial cells isolated from rat aorta 
have shown increases in ceramide levels in cells from old 
animals compared to young (Smith et al. 2006). Cera- 
mide is a sphingolipid implicated in cell senescence, 
apoptosis, and fibrosis (Hannun and Obeid 2008) and 
alterations in sphingolipid levels and metabolism have 
been described in aging and cardiovascular disease 
(Alewijnse and Peters 2008; Nikolova-Karakashian et al. 
2008). Additionally, in model organisms such as yeast 
and Drosophila, a direct link between sphingolipid genes 
and longevity has been described (D'Mello et al. 1994; 
Guillas et al. 2001; Schorling et al. 2001; Rao et al. 2007). 
In mammals, including humans, increased sphingomye- 
linase activity and the subsequent generation of ceramide 
is associated with aging (Lecka-Czernik et al. 1996; Ligh- 
tle et al. 2000; Smith et al. 2006; Nikolova-Karakashian 
et al. 2008; Patschan et al. 2008; Venable and Yin 2009). 
The major classes of sphingomyelinase are acid and neu- 
tral, and although both are activated by inflammatory 
cytokines and oxidative stress (Hannun and Obeid 2008) 
resulting in increased ceramide production; some differ- 
ences in response to their activation are observed. For 
instance, increased acid sphingomyelinase (A-SMase) 
activity appears to be associated with cell senescence and 
premature aging (Lecka-Czernik et al. 1996; Patschan 
et al. 2008; Venable and Yin 2009). While increased neu- 
tral sphingomyelinase (N-SMase) activity is the major 
source of ceramide in aged vascular and nonvascular cells 
and tissues (Lightle et al. 2000; Smith et al. 2006; 
Nikolova-Karakashian et al. 2008). Chronic low-grade 
inflammation, driven in part by increased levels of 
inflammatory cytokines (Ungvari et al. 2010), and 
oxidative stress (Franceschi et al. 2000) are associated 
with vascular aging suggesting that sphingolipids may reg- 
ulate the age-related changes that occur in the artery wall. 
Certainly, ceramide regulates cellular aging processes such 
as apoptosis, autophagy, and senescence (Obeid and 
Hannun 2003) and the levels of this lipid are raised in tis- 
sues from aged rats (Lightle et al. 2000) and mice 
(Hernandez-Corbacho et al. 2011). In addition to their 
role in aging, sphingolipids are also profibrotic. For 
instance, ceramide promotes collagen production in der- 
mal fibroblasts (Sato et al. 2003) and lung tissue (Dhami 
et al. 2010) and its metabolite sphingosine- 1 -phosphate 
(SIP) stimulates tissue inhibitor of metalloprotease 
(TIMP) expression leading to inhibition of matrix 
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metalloproteases (MMP) and reduced collagen degrada- 
tion (Yamanaka et al. 2004). Although whether sphingoli- 
pids are involved in collagen production in the vessel wall 
is not known. Collectively these studies suggest that 
sphingomyelinases by increasing production of ceramide 
may be involved in the signaling pathways leading to 
artery remodeling in aging. 

To date evidence for age-related changes in small arteries 
has been reported mainly from rodent models of aging. But 
there have been few studies in large animal models that 
have greater longevity and where heart rate and blood pres- 
sure more closely reflect human hemodynamics. Sheep 
have been used extensively as a large animal model to study 
remodeling and changes in arterial function in hypoxia, 
pulmonary hypertension, pregnancy, and during matura- 
tion (Akopov et al. 1998; Williams and Pearce 2006; Herre- 
ra et al. 2010; Xiao et al. 2010). They are also an 
established model of aging (Dibb et al. 2004) and a recent 
report showed an age-related increase in aortic stiffness 
accompanied by increased deposition of collagen and elas- 
tic fibers (Graham et al. 2011) changes similar to those seen 
in humans (Lakatta and Levy 2003; Greenwald 2007). How- 
ever, whether remodeling of small arteries also occurs is 
not known. Approximately a quarter of cardiac output is 
directed to the intestine, accordingly mobilization of 
splanchnic blood to other areas of the body is integral to 
maintaining exercise capacity (Rowell 1974; Flamm et al. 
1990). Accordingly, we investigated age-associated changes 
in the structure and function of mesenteric arteries in this 
large animal model of aging. We show that there is outward 
hypertrophic remodeling (increased lumen diameter and 
wall cross-sectional area), neointima formation, and 
increased collagen content, but no increase in stiffness or 
change in distensibility in sheep mesenteric small arteries 
with age. In addition, ceramide levels were increased in old 
arteries compared to young and this was paralleled by 
increased sphingomyelinase activity suggesting a role for 
altered sphingolipid metabolism in mesenteric small artery 
remodeling in aging. 

Methods 

Animals and tissues 

The investigation was carried out in accordance with 
Guide for the Care and Use of Laboratory Animals pub- 
lished by the U.S. National Institutes of Health (NIH 
Publication No. 85-23, revised 1996), The University of 
Manchester Animal Experimentation Guidelines, and the 
U.K. Animals (Scientific Procedures) Act 1986. Experi- 
ments were performed with the approval of the Review 
Board of the University of Manchester and the Home 
Office. 
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Young (18-24 months) and old (>8 years; representing 
sexual maturity and the last quintile of life respectively) 
female sheep (Ovis axles) were used in the study. Heart rate 
was determined from surface electrocardiograms and indi- 
rect blood pressure measurements were made from the coc- 
cygeal artery using tail cuff plethysmography in conscious 
standing animals as described previously (Horn et al. 2012). 

Following in vivo measurements animals were killed by 
intravenous injection of pentobarbitone (200 mg/kg; Dibb 
et al. 2004). A portion of the small intestine was removed 
and mesenteric small arteries (<400 fim internal diameter) 
were immediately dissected and placed into ice-cold physi- 
ological salt solution (PSS contained [in mmol/L] 119 
NaCl, 4.7 KC1, 25 NaHC0 3 , 1.17 MgS0 4 .7H 2 0, 1.18 
KH 2 P0 4 , 0.026 K 2 EDTA, 5.5 glucose, and 1.6 CaCl 2 .2H 2 0). 
Arteries were then prepared for pressure myography, histol- 
ogy, or sphingomyelinase activity assay as detailed below. 

Pressure myography 

Vascular function was determined by pressure myography 
(Living Systems, Burlington, VT) as described previously 
(Clarke et al. 2008). Segments of small artery were dissected 
immediately proximal to the intestinal wall in order to 
ensure samples from the same branch order and anatomical 
area were taken from both young and aged animals. Arter- 
ies were tied onto glass cannulae in the arteriograph cham- 
ber and after equilibration at 20 mmHg and 37°C in PSS 
pH 7.4, gassed with 5% C0 2 in air), intraluminal pressure 
was raised to 70 mmHg and the vessel left to stabilize for 
15 min before addition of 50 mmol/L KPSS (high potas- 
sium physiological salt solution, molar substitution with 
NaCl) to test viability. Only artery segments that showed a 
greater than 50% constriction to KPSS were included in the 
study of reactivity. Cumulative concentration response 
curves were constructed to noradrenaline (NA; 0.1- 
100 ^mol/L). Following washout and after 30-min equili- 
bration, vessels were constricted with NA 10 ^mol/L and 
cumulative concentration response curves to acetylcholine 
(ACh; 0.01-100 ^mol/L) were constructed. Lumen diame- 
ter was measured 2 min following the addition of agonist 
immediately before addition of the next concentration. Fol- 
lowing measurement of responses to NA and ACh, artery 
segments were incubated for 30 min in calcium-free PSS 
containing 2 mmol/L EGTA to determine maximal passive 
diameter at 70 mmHg (dia passive ). Myogenic tone was cal- 
culated as: (dia passive - dia act i ve )/dia passive , where dia active is 
the diameter at 70 mmHg in PSS. The vasoconstriction 
response to NA was calculated as: (dia passive — dia response )/ 
dia pass i ve , where dia reS p 0n se is the diameter at any given drug 
concentration. The vasodilation response to ACh was 
calculated as: (dia agonist - dia ba se)/(dia pa ssive - dia base ), 
where dia agoni st is the diameter at any given ACh 
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concentration and dia base is the NA preconstricted diame- 
ter. Any vessels unable to maintain pressure were excluded 
from the study. 

Structural and mechanical properties of mesenteric 
small artery (MSA) segments were determined as previ- 
ously described (Izzard et al. 2006). Briefly, following 
incubation for 30 min in calcium-free PSS containing 
2 mmol/L EGTA to ensure maximal relaxation intralumi- 
nal pressure was decreased to 5 mmHg (unstressed diam- 
eter) then increased in steps to 10, 20, 40, 60, 100, 140, 
and 180 mmHg. Lumen diameter and wall thickness were 
measured at each pressure step and the following 
structural parameters were measured: 

The wall/lumen ratio was calculated as WT/D x 100, 
where WT is the wall thickness and D is lumen 
diameter. 

Wall cross-sectional area (CSA) was calculated as: 
CSA = p [D + 2WT/2] 2 - p (D/2) 2 . 
Wall stress (s) = P x D/2WT, where P is pressure and 
1 mmHg 1334 dyn/cm 2 . 

Wall strain (e) = (D — D 0 )/D 0 , where D 0 is the lumen 
diameter at 5 mmHg. 

The stress-strain data for each artery was fitted to the 
curve a = cr 0 .e^' £ , where a 0 is the stress at 5 mmHg and P 
is the slope of the tangential elastic modulus versus stress 
relation and is an index of distensibility; the higher the 
value of the lower the arterial distensibility (Izzard 
et al. 2006; Briones et al. 2007). 

Histological analysis of collagen and elastin 

Segments of MSA were dissected, fixed under passive 
conditions in 4% paraformaldehyde, and placed into 75% 
ethanol before embedding in paraffin blocks. Histology was 
performed on 10-^m sections of MSA. Tissue was stained 
with hematoxylin and eosin. Collagen was stained with pic- 
rosirius red (PSR) and visualized using polarized light 
microscopy, elastin was stained on a consecutive section 
with Miller's reagent (Graham and Trafford 2007). Total 
collagen or elastin content is expressed as percentage colla- 
gen or elastin containing pixels per tissue section (Briones 
et al. 2007; Graham and Trafford 2007; Horn et al. 2012). 

Immunofluorescence 

Immunofluorescence was performed on 5-^m sections of 
MSA. Sections were coincubated with a-smooth muscle 
actin (a-sma, Clone 1A4) and von Willebrand Factor 
(vWF) antibodies overnight at 4°C. Negative controls 
were coincubated with rabbit and mouse IgG at the same 
concentrations as the corresponding primary antibody. 
Sections were then incubated with the appropriate Alexa 
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Fluor-488 or Rhodamine Red X conjugated secondary 
antibodies and Hoechst nuclear stain. The sections were 
observed and photographed using a Leica CTR5000 
microscope. 

Tissue homogenate preparation 

Arteries were homogenized in Tris-TX-100 buffer 
(25 mmol/L Tris pH 7.4, 5 mmol/L EDTA, 0.2% Triton 
X-100, protease inhibitors [Complete mini-tab; Roche, 
Welwyn Garden City, UK], 1 mmol/L sodium orthovana- 
date, 200 ^mol/L sodium pyrophosphate) on ice. The 
homogenate was incubated at 4°C for 30 min, centrifuged 
at 800g for 10 min at 4°C to pellet nuclei and cell debris 
and the protein concentration of the supernatant deter- 
mined by Bradford assay. The sample volume was 
adjusted with Tris-TX-100 buffer to a final concentration 
of 1 mg/mL. An aliquot was removed for sphingomyelin- 
ase assay and to the remainder Laemmli sample buffer 
was added and the sample stored at — 20°C. 

In vitro sphingomyelinase assays and lipid 
measurements 

Sphingomyelinase activity was measured in freshly pre- 
pared homogenates using NBD-C6-Sphingomyelin (SM) 
as described previously (Loidl et al. 2002; Ohanian et al. 
2012). For N-SMase activity, tissue homogenate (25-^g 
protein) was added to 100 fiL of reaction mixture con- 
taining; 100 mmol/L Tris pH 7.4, 10 mmol/L MgCl 2 , 
0.2% Triton X-100, 10 mmol/L dithiothreitol, 100 /rniol/L 
NBD-C6-SM, and 100 /imol/L phosphatidylserine. For 
A-SMase activity, tissue homogenate (25-^g protein) was 
added to 100 fiL of reaction mix containing; 0.25 mol/L 
sodium-acetate pH 5.0, 1 mmol/L EDTA, 0.1% Triton 
X-100, and 100 /rniol/L NBD-C6-SM. Following 30-min 
incubation at 37°C, reactions were terminated by the 
addition of 1 mL chloroform:methanol (2:1 v:v) and 
200 jjL dH 2 0 for phase separation. The lower organic 
phase was dried under 0 2 -free N 2 gas and resuspended in 
15 /nL chloroform:methanol (2:1 v:v). Samples and NBD- 
C6-cer amide standard were resolved by thin layer chro- 
matography and the fluorescent lipid detected using an 
Alpha- Innotech Imager (ProteinSimple, Santa Clara, CA). 
NBD-C6-cer amide was identified by the cochromato- 
graphed standard and quantified by densitometry using 
AlphaEaseFC software (ProteinSimple). For lipid analysis 
by mass spectrometry, MSA were homogenized in RIPA 
buffer and homogenate containing 1-mg protein was ana- 
lyzed for ceramide, dihydroceramide, and sphingoid bases 
by tandem liquid chromatography/mass spectrometry 
(Bielawski et al. 2010). Lipid levels were normalized to 
cellular protein. Lipid analysis was carried out by the Lipi- 



domics Core Facility at the Medical University of South 
Carolina. 

Data analysis 

Data are expressed as means =b SEM and the number of 
individual animals used for each experiment is given in 
the figure legends. Statistical analysis was performed by 
Student's f-test between individual groups, or one-way 
analysis of variance (ANOVA) followed by Bonferroni 
posttest for multiple comparisons using GraphPad Prism 
software, (GraphPad Software Inc., La Jolla, CA) P < 0.05 
was considered statistically significant. 

Materials 

Noradrenaline and ACh were purchased from Sigma 
(Poole, Dorset, UK). NBD-C6-SM and NBD-C6-ceramide 
were from Molecular Probes (Invitrogen, Life Technologies 
Ltd, Paisley, UK). Antibodies used were monoclonal a- 
smooth muscle actin (Sigma, UK) and polyclonal von 
Willebrand Factor (Dako, Cambridge, UK) and negative 
controls; rabbit and mouse IgG (Santa Cruz Biotechnology, 
Insight Biotechnology Ltd, Wembley, UK). Alexa Fluor- 
488 or Rhodamine Red X conjugated secondary antibodies 
were from Jackson Laboratories (Scientific Ltd, Newmar- 
ket, UK) . Salts and chemicals were from Sigma UK. 

Results 

There were no differences in body weight, heart rate, 
mean arterial pressure, or pulse pressure between young 
and old animals (Table 1). 

Small artery structure 

The lumen diameter of MSA from old animals was 
increased across the entire pressure range, compared with 
young animals (Fig. 1A). The MSA from old animals also 
showed increased pressure-wall thickness and pressure- 
cross-sectional area relationships, compared with young 



Table 1. Characteristics of young and old sheep. 




Young 


Old 




(<18 months) 


(>8 years) 


Number of sheep 


9 


9 


Body weight (kg) 


32 ± 2 


35 ± 3 


Mean arterial pressure (mmHg) 


98 ± 3 


100 ± 3 


Pulse pressure (mmHg) 


49 ± 2 


52 ± 4 


Heart rate (bpm) 


111 ± 8 


125 ± 8 


Data are mean ± SEM. 



2014 | Vol. 2 | Iss. 5 | e12015 
Page 4 



© 2014 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of 
the American Physiological Society and The Physiological Society. 



J. Ohanian et al. 



Sphingolipids & Age-Related Small Artery Remodeling 




o 20-1 ■ ■ ■ ■ CM ■ ■ ■ ■ 

<-> 0 50 100 150 200 0 50 100 150 200 

mmHg mmHg 



Figure 1. Mesenteric small artery lumen diameter and wall 
characteristics in response to in vitro pressure changes. (A) Internal 
diameter-intraluminal pressure relationship, (B) wall thickness- 
intraluminal pressure relationship, (C) wall cross-sectional area- 
intraluminal pressure relationship, (D) wall/lumen ratio-intraluminal 
pressure relationship in mesenteric small arteries from young (open 
circles) and old (closed circles) sheep in calcium-free physiological 
salt solution. Data are expressed as mean ± SEM from individual 
arteries from eight young and five old animals, *P < 0.05 by 
ANOVA. 

animals (Fig. IB and C). However, there was no 
difference in the pressure-wall/lumen ratio relationship 
between MSA from old and young animals (Fig. ID), 
demonstrating outward hypertrophic remodeling of the 
arteries with age (Mulvany 1999). 

Collagen and elastin content of mesenteric 
small arteries 

To investigate whether extracellular remodeling of the 
artery wall occurred with aging the elastin and collagen 
contents were determined by histological measurements 
of sections of small arteries, fixed under passive condi- 
tions. Representative sections from young and old animals 
are shown in Figure 2 A and B. Total collagen was greater 
in MSA from old compared to young animals (Fig. 2D). 
In contrast no age-related differences in elastin content 
were detected (Fig. 2Ai, Bi, and C) resulting in reduced 
elastin/collagen ratio (E/C) in aged arteries (Fig. 2E). 
Additionally, histological analysis showed that there was a 
difference in the distribution and amount of collagen in 
MSA from young and old animals. Collagen was detected 
in the intima of MSA from old animals but not young, 



although it was present in the adventitia in both age 
groups (Fig. 2 Ah, hi and Bii, hi). Histological staining of 
artery sections showed that in arteries from five of the 
seven old animals there was a thickened intimal cell layer 
on the luminal side of the internal elastic lamina. There 
was no neointima present in any of the arteries from the 
seven control animals studied. Representative sections 
from each group are shown in Figure 3A-D. To identify 
the cell types present within the neointima, sections from 
three young and three old animals were double stained 
with vWF and a-sma, endothelial and smooth muscle cell 
markers, respectively (Fig. 3E-H). Positive staining for 
a-sma was found within individual cells in the neointima 
of the arteries from old animals (Fig. 3F and H), demon- 
strating the presence of vascular smooth muscle cells, von 
Willebrand factor staining was limited to cells lining the 
lumen suggesting an intact endothelial cell layer in arter- 
ies from both young and old animals (Fig. 3E-H). 

Small artery mechanical properties 

To determine whether the age-related artery remodeling 
and decrease in the elastin/collagen ratio resulted in 
altered stiffness, we studied the mechanical properties of 
the MSA. The stress-strain relationship of MSA from old 
animals was shifted to the right of that seen for the young 
animals, indicating an increased distensibility (Fig. 4A). 
However, the values were not significantly different 
(Fig. 4B). The lack of an increase in stiffness in the old 
MSA compared to young indicates that the increased col- 
lagen observed in the old arteries does not affect their 
gross mechanical properties. 

Age-related activation of 
sphingomyelinases 

Changes in sphingolipid metabolism are a hallmark of 
aging implicated in age-related tissue remodeling (Dhami 
et al. 2010; Moles et al. 2010). Sphingomyelinase activity 
assays demonstrated that there was approximately 50% 
greater neutral and acid sphingomyelinase activity in 
MSA from old compared to young animals (Fig. 5A). To 
determine whether the increased sphingomyelinase activ- 
ity resulted in altered ceramide levels, sphingolipids were 
quantified from MSA homogenates of young and old 
animals. There was an approximately 40% increase in 
long-chain ceramide (C14-C20), but no change in very 
long-chain ceramide (C22-C26; Fig. 5B). The increase in 
long- chain ceramide (C14-C20) was due to a marked 
increase in C16-ceramide (Fig. 5C). Dihydroceramide 
(CI 6), the precursor of ceramide in the de novo synthesis 
pathway was not altered between young and old MSA 
(Fig. 5B) indicating that the origin of the long- chain 
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A Young 




Figure 2. Collagen and elastin content of mesenteric small arteries. (Ai and Bi) Representative sections of mesenteric small arteries (MSA) 
stained with Miller reagent for elastin, (Aii, Aiii and Bii, Biii) representative sections of MSA stained with picrosirius red for collagen illuminated 
with (ii) normal and (iii) polarized light. Upper panels MSA from young and lower panels MSA from old animals. Quantitation of (C) elastin, (D) 
collagen, and (E) elastin/collagen ratio. Data are expressed as mean ± SEM from individual arteries from seven young and seven old animals, 
*P < 0.05 by Student's f-test. 



ceramide was from sphingomyelin hydrolysis by sphing- 
omyelinases. Additionally, the sphingoid bases dihydrosp- 
hingosine, sphingosine, and sphingosine- 1 -phosphate 
were not altered with aging (Fig. 5D) suggesting there 
was no increased metabolism of ceramide through this 
pathway in arteries from old animals. 

Small artery reactivity 

Remodeling of small arteries may lead to changes in 
their reactivity to vasoconstrictor stimuli and/or endo- 
thelial function (Martinez-Lemus et al. 2009). To inves- 
tigate this we studied the response of MSA from young 
and aged animals to noradrenaline and acetylcholine. 
There was no difference in either the sensitivity or 
maximal contractile response to noradrenaline in MSA 
from old compared to young animals (Fig. 6A). Nor 
was there any difference in the relaxation of precon- 
stricted arteries to acetylcholine (Fig. 6B) indicating that 
there was no age-related change in endothelium-depen- 
dent vasodilation. 



Discussion 

In this study, we found increased sphingomyelinase activ- 
ity and accumulation of long- chain ceramides in small 
arteries from old sheep compared to young. Additionally, 
we observed an increase in total collagen content in arter- 
ies from old animals. Ceramide promotes collagen deposi- 
tion in dermal fibroblasts (Sato et al. 2003) implicating 
this lipid in the extracellular matrix remodeling of small 
arteries in age. 

Investigation of the morphology and mechanical prop- 
erties of small arteries showed that under passive condi- 
tions the mesenteric small arteries from old sheep had 
increased lumen diameter and media thickness without a 
change in media to lumen ratio, indicative of outward 
hypertrophic remodeling (Mulvany 1999). In addition, 
there was deposition of collagen in a thickened intima 
layer that contained both endothelial and smooth muscle 
cells in arteries from old animals. However, despite 
increased collagen content and decreased elastin to colla- 
gen ratio there was no change in stiffness in the aged 
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Figure 3. Age-related intima formation. Representative sections of 
mesenteric artery stained with hematoxylin and eosin (A and B), 
Miller reagent for elastin (C and D), von Willebrand Factor (green) 
for endothelial cells, and a-smooth muscle actin (red) for smooth 
muscle cells (E-H) from (A, C, E, and G) young animal and (B, D, F, 
and H) old animal. (G and H) Enlargement of the areas within the 
white box in (E and F). White arrow heads in (H) show intimal a- 
smooth cell actin-positive cells, * in G and H show von Willebrand 
staining in endothelial cells, "iel" internal elastic lamina. A-D scale 
bar 20 ^m, E and F scale bar 50 fim. 



sheep arteries. This is in contrast to studies in rats where 
age-related increases in mesenteric and cerebral small 
artery stiffness are reported (Hajdu et al. 1990; Adrian 
et al. 2004; Laurant et al. 2004; Briones et al. 2007). 
However, it is in agreement with studies in humans where 
elastic modulus and compliance of small arteries also 
change very little with age (McEniery et al. 2007). 
Although age-related increased stiffness of resistance 
arteries from rats has been reported (Hajdu et al. 1990; 
Adrian et al. 2004; Laurant et al. 2004; Briones et al. 
2007), there is little evidence to support that collagen 
content correlates with small artery stiffness or distensibil- 
ity (Izzard et al. 2003; Gonzalez et al. 2005; Mandala 
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Figure 4. Small artery mechanical properties. (A) Stress-strain 
relationship and (B) /? value, measure of arterial distensibility, in 
mesenteric small arteries from young (open symbols) and old 
(closed symbols) sheep in calcium-free physiological salt solution. 
Data were calculated as described in Methods section. Data are 
expressed as mean ± SEM from individual arteries from eight 
young and five old animals. 



et al. 2012). Indeed, an age-related change in elastin fiber 
organization appears to be a more important determinant 
of resistance artery stiffness (Gonzalez et al. 2005). In our 
study we did not examine elastic fiber integrity, but in 
the aorta from aged sheep there was no change in stiff- 
ness associated with the elastic lamellae (Graham et al. 
2011) suggesting elastic fiber structure does not alter with 
aging in this animal model. This is further supported by 
our observation that the /? value, a measure of distensi- 
bility independent of artery wall geometry (Izzard et al. 
2006), that reflects the combined elastic moduli of the 
elastic components of the artery wall did not change in 
small arteries with age. No change in arterial distensibility 
in the presence of remodeling has been reported also in 
rat small arteries with age (Adrian et al. 2004; Laurant 
et al. 2004; Mandala et al. 2012). This suggests that pres- 
ervation of distensibility is physiologically important and 
may be actively regulated in small arteries. Although large 
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Figure 5. Sphingomyelinase activity and sphingolipid profile of 
mesenteric small arteries. (A) Neutral and acid sphingomyelinase 
activity measured in lysates from mesenteric arteries as described in 
Methods from five young (open bars) and five old (closed bars) 
sheep. (B, C, and D) Mass spectroscopy analysis of sphingolipids 
from mesenteric small arteries; (B) long-chain (C14-C20), very long- 
chain (C22-C26) ceramide, and dihydroCI 6-ceramide (dhCer[C16]) 
levels; (C) total ceramide levels and ceramide species profile; (D) 
sphingoid base levels, dihydrosphingosine (dhSph), sphingosine 
(Sph), and sphingosine-1 -phosphate (S1P). Data are expressed as 
mean ± SEM from individual arteries from four young (open bars) 
and three old (closed bars) animals, *P < 0.05 by (A) Student's 
f-test, (B and C) ANOVA. 



artery stiffness positively correlates with age, urban life- 
style, and pathological conditions such as hypertension, 
inflammation, and diabetes are known to accelerate the 
stiffening process (Avolio et al. 1985; Lemogoum et al. 
2012; Wilkinson and McEniery 2012). The old animals 
used in our study did not have increased systolic blood 
pressure, pulse pressure, or heart rate compared to young 
animals nor were there any alterations in the reactivity of 
the arteries. This shows that the remodeling we found in 
small arteries is related to age and that increased arterial 
stiffness is not an inevitable consequence of aging. 

Alterations in vascular contraction and relaxation have 
been reported with aging. The majority of studies have 
been conducted on large conduit arteries and mainly 
demonstrated loss of endothelial-dependent relaxation 
(reviewed in Wang et al. [2010]). However, in resistance 
arteries there is little evidence of altered vascular reactiv- 
ity in arteries from rodent models of aging (Cook et al. 
1992; Moreau et al. 1998; Gros et al. 2002; Muller-Delp 
et al. 2002; Mandala et al. 2012) or human vessels 
(Nyborg and Nielsen 1990). Our study in a large animal 



model also showed that despite small artery remodeling 
there was no change in the contractile response to NA 
or to ACh-induced relaxation. It is unlikely that these 
negative results were due to the relatively small group 
sizes because we detected no trends toward altered 
responsiveness even when the data were normalized to 
account for differences in passive diameters between the 
two groups. These data suggest that in healthy aging any 
changes that occur in hemodynamics in the mesenteric 
resistance circulation will reflect remodeling changes 
rather than altered reactivity. However, caution must be 
exercised when inferring hemodynamic changes in vivo 
from structural changes observed in vitro. Additionally, 
due to availability of animals our study used female ani- 
mals only. Therefore, whether the changes we have 
observed occur in males also or are specific to females is 
not known. Furthermore, recent evidence suggests there 
is an age-related decline in the ability of small arteries to 
sense changes in intraluminal pressure resulting in 
impaired myogenic responsiveness and poor autoregula- 
tion of blood flow (Nyborg and Nielsen 1990; Gros et al. 
2002; Muller-Delp et al. 2002). This is not accompanied 
by a decrease in contraction to vasoconstrictors (Cook 
et al. 1992; Moreau et al. 1998; Gros et al. 2002; Muller- 
Delp et al. 2002), indicating that the defect is due to a 
change in the ability of vascular smooth muscle cells to 
sense and respond to changes in blood pressure, that is 
impaired mechanotransduction. However, although we 
did not investigate myogenic responses of the arteries in 
our study, we found no evidence of differences in basal 
myogenic tone between arteries from young and old ani- 
mals (active diameter at 70 mmHg as percentage of pas- 
sive diameter at 70 mmHg: young, 4.67 ± 2.78; old, 
7.27 =b 1.20; P = 0.21), indicating minimal basal tone in 
our experiments. This is perhaps not unexpected given 
that mesenteric arteries are less myogenic than for 
instance cerebral arteries. Recently SIP has been identi- 
fied as a mediator of myogenic tone in hamster arteries 
and in mouse mesenteries in heart failure (Bolz et al. 
2003; Hoefer et al. 2010). However, our lipid measure- 
ments showed that there was no change in sphingoid 
bases (sphingosine and SIP) in the arteries from old ani- 
mals compared to young, indicating that there was no 
increase in the flux of ceramide to SIP in the aging tis- 
sues. This further supports that in the conditions used 
in our study there was no marked difference in myoge- 
nicity between the groups. 

Alterations in cellular sphingolipids appear to be a hall- 
mark of aging. An age-related increase in basal ceramide 
levels has been found in diverse tissues including rat liver 
and brain (Lightle et al. 2000; Cutler et al. 2004), mouse 
kidney, and human fibroblasts (Hernandez-Corbacho 
et al. 2011). Our data show that in sheep MSA there was 
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Figure 6. Small artery contractility. Mesenteric small arteries were mounted in a pressure myograph and cumulative responses to noradrenaline 
(NA) or acetylcholine (ACh) obtained as detailed in Methods. (A) Representative tracings showing contractile response to noradrenaline in an 
artery from a young animal (upper panel) and an old animal (lower panel), (B) average data of the cumulative concentration response to NA, 
data are normalized to the passive diameter at 70 mmHg as detailed in Methods, (C) representative tracings showing relaxation response to 
ACh in arteries preconstricted with NA (15 /iimol/L), upper panel: an artery from a young animal and lower panel: an old animal; (D) average 
data of the cumulative concentration response to ACh, data are normalized to the preconstricted diameter as detailed in Methods. Data are 
expressed as mean ± SEM from individual arteries from five young (open circle) and five old (closed circle) animals. 



an age-related increase in long- chain ceramide (CI 4- 
C20). Although ceramide is the precursor of all sphingoli- 
pids and as such acts as a metabolic hub (Hannun and 
Obeid 2011) being readily converted to sphingosine and 
SIP, our observation that only ceramide accumulated in 
small arteries from old sheep suggests that ceramide is the 
key player in age-related changes in this tissue. Evidence 
is now accumulating that individual species of ceramide 
mediate specific cellular responses (Hannun and Obeid 
2011). We detected mainly an increase in C16-ceramide, 
this ceramide species has been implicated in apoptosis 
and cell death (Hannun and Obeid 2011) although 
whether C16-ceramide plays a specific role in aging is not 



known. The increase in ceramide was paralleled by an 
increase in both acid- and neutral- sphingomyelinase 
activity. There is evidence that both acid and neutral 
sphingomyelinase activity is increased with age (Lecka- 
Czernik et al. 1996; Nikolova-Karakashian et al. 2008). 
Relevant to the vasculature, increased acid sphingomyelin- 
ase expression and ceramide accumulation is associated 
with premature senescence in endothelial cells in vitro 
(Patschan et al. 2008). However, we found no alteration 
in endothelial-dependent relaxation of MSA from old 
animals compared to young suggesting that in small 
arteries endothelial cell function was not impaired with 
aging. 
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Ceramide is implicated in many responses that could 
contribute to age-related remodeling of the vasculature. 
For instance, ceramide is a major signaling molecule in 
cellular responses to stress and regulates apoptosis, 
senescence, and fibrosis (Ogretmen and Hannun 2004). 
Ceramide promotes collagen deposition in keratinocytes 
in vitro (Sato et al. 2003) and increased A-SMase activ- 
ity and elevated ceramide levels are involved in lung 
and liver fibrosis in vivo (Dhami et al. 2010; Moles 
et al. 2010). Consequently, alterations in any of these 
processes could lead to remodeling of the artery wall. 
Additionally, ceramide regulates actin cytoskeleton 
dynamics in breast cancer cells through modulation of 
ezrin, radixin, moesin function (Zeidan et al. 2008). 
Altered actin cytoskeleton dynamics have been reported 
in vascular smooth muscle cells from large arteries with 
age (Li et al. 1997; Qiu et al. 2010). The actin cytoskel- 
eton is a vital component of vascular smooth muscle 
cell mechanosensing (Hill and Meininger 2012) and the 
myogenic response (Walsh and Cole 2013), suggesting 
ceramide could also play a role in impaired mechano- 
transduction in small arteries with aging. However, to 
begin to understand the mechanisms of sphingolipid 
actions in the age-related changes in small arteries more 
fully, it is first necessary to identify the sphingolipid 
metabolizing enzymes and the site of ceramide produc- 
tion in vascular tissues. 

In summary, this study demonstrates remodeling of 
small arteries during aging that is accompanied by 
increased sphingomyelinase activity and accumulation of 
long-chain ceramides. This suggests sphingolipids maybe 
important mediators of vascular aging. Given that aging 
is a major risk factor for cardiovascular disease, our study 
opens a new area for further research into the mecha- 
nisms that underlie vascular remodeling in aging. 
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